Intrinsic, three-dimensionally resolved, microscopic imaging of dynamical structures and biochemical processes in living preparations has been realized by nonlinear laser scanning fluorescence microscopy. The search for useful two-photon and three-photon excitation spectra, motivated by the emergence of nonlinear microscopy as a powerful biophysical instrument, has now discovered a virtual artist's palette of chemical indicators, fluorescent markers, and native biological fluorophores, including NADH, flavins, and green fluorescent proteins, that are applicable to living biological preparations. More than 25 two-photon excitation spectra of ultraviolet and visible absorbing molecules reveal useful cross sections, some conveniently blue-shifted, for near-infrared absorption. Measurements of three-photon fluorophore excitation spectra now define alternative windows at relatively benign wavelengths to excite deeper ultraviolet fluorophores. The inherent optical sectioning capability of nonlinear excitation provides three-dimensional resolution for imaging and avoids out-of-focus background and photodamage. Here, the measured nonlinear excitation spectra and their photophysical characteristics that empower nonlinear laser microscopy for biological imaging are described.
Three-photon excited fluorescence was observed and the three-photon absorption cross section for naphthalene crystals was estimated by Singh and Bradley in 1964 (3) . Subsequently, multiphoton excitation and fluorescence has been used in molecular spectroscopy of various materials (4) (5) (6) (7) (8) .
A significant biological application of multiphoton excitation began with the invention of two-photon laser scanning microscopy (TPLSM) by Denk, Strickler, and Webb in 1990 (9) . Originally devised for localized photochemical activation of caged biomolecules, TPE of photochemical polymer crosslinking also has provided a means for high-density threedimensional optical data storage at 1012 bits/cm3 (10) .
This article on multiphoton excitation is motivated by the emergence of TPLSM as a powerful new microscopy for three-dimensionally resolved fluorescence imaging of biological samples (11, 12) . The development of TPLSM has been propelled by rapid technological advances in laser scanning microscopy (LSM) (13) , fluorescence probe synthesis, modelocked femtosecond lasers (14, 15) , and computational threedimensional image reconstruction (16) . Recently, threephoton excited fluorescence and its potential applications in imaging have also been reported for several fluorescent dyes (17) (18) (19) (20) . Effective implementation of nonlinear laser microscopy, however, requires knowledge of the photophysics of multiphoton excitation, especially the multiphoton excitation properties of fluorophores and biological molecules.
Nonlinear LSM gains several advantages from two-or three-photon excitation of fluorescence. Because the absorption increases quadratically or cubicly with the excitation intensity, the fluorescence (and potential photobleaching and photodamage related to fluorescence excitation) are all confined to the vicinity of the focal point. This spatial localization not only provides intrinsic three-dimensional resolution in fluorescence microscopy but also provides unprecedented capabilities for three-dimensionally localized photochemistry in subfemtoliter volumes, including photolytic release of caged effector molecules (9) . Because two or three photons are absorbed for each transition event, a red or near-infrared laser is used to excite fluorophores that normally absorb in the UV or deep-UV region. Such a wavelength shift avoids many limitations of UV lasers and UV optics. Because wide-field detection is used in nonlinear microscopy, even multiply scattered fluorescence photons contribute equally to the image formation, in contrast with confocal microscopy, where the unscattered photons form the confocal image (21) . This efficient detection of fluorescence photons, combined with the relatively deep penetration of IR excitation light in most biological preparations (22) , enables nonlinear microscopy to image deep (>200 ,um) into turbid biological specimens. In general, the background interference from Rayleigh and Raman scattering is negligible because multiphoton excited fluorescence occurs at a much shorter wavelength region than the excitation light. Thus, ultrasensitive measurements are possible, including detection of single dye molecules (23, 24) and low quantities of fluorogen-labeled neurotransmitters (25) . Finally, in addition to background interference, photodamage to living cells by deep UV excitation has previously limited the use of imaging based on native fluorescence. Three-photon excited fluorescence provides the unique opportunity to excite intrinsic chromophores, such as amino acids, proteins, and neurotransmitters, using relatively benign excitation wavelengths accessible with commercially available near-IR lasers (26) . The combination of two-and three-photon excited fluorescence microscopy extends the useful range of nonlinear laser microscopy.
A basic parameter of fluorescence is the fluorescence excitation cross section. Although one-photon absorption spectra are well documented for a wide range of molecules, little is known of two-or three-photon absorption spectra of biologically useful fluorophores (27) . Furthermore, it is often difficult to predict multiphoton excitation spectra, especially two-photon spectra, from the one-photon data because of differences in selection rules and the effects of vibronic coupling. We report measurements of two-and three-photon fluorescence excitation cross sections of biological indicators and native chromophores. Detailed methods for obtaining the multiphoton excitation cross sections and spectra were reported elsewhere (28, 29) . The potential of three-photon excited fluorescence in LSM is also demonstrated. copy based on TPE can be expected to work well with most existing fluorophores and many available laser sources. For nonratiometric Ca21 indicators, such as calcium crimson, calcium orange, and calcium green-1, we found that the TPE spectra of the Ca2+-free and Ca2+-bound forms are indistinguishable. The ratios of fluorescence intensity for the Ca2+-free to Ca2+-bound forms of these indicators are also comparable to their reported one-photon values.
Two-Photon Excitation
Green fluorescent proteins (GFPs) have attracted tremendous interest as biological reporters for gene expression (30) . Images of cultured cells using two-photon excited GFP fluorescence have been reported recently (31) . Wild-type GFPs have high UV absorption at 400 nm and relatively low visible absorption at 480 nm. To facilitate the use of GFPs with visible excitation, mutant S65T (replacement of Ser-65 with Thr) was engineered to enhance the visible absorption band (32) . We have measured the TPE spectra of GFP wild type and the GFP S65T mutant. Shown in Fig. 3 , both TPE spectra are similar to the corresponding one-photon spectra. Thus, these results indicate that wild-type GFP can be two-photon excited using the same wavelength needed to excite UV and visible fluorophores (Figs. 1 and 2); while only long-wavelength visible fluorophores can be simultaneously excited with the S65T mutant.
Two-photon excited cellular autofluorescence from intrinsic chromophores such as NAD(P)H has been used to study the cellular metabolic state (33) . Photodamage of cells can also be detected by monitoring autofluorescence changes. However, for most fluorescence imaging applications, autofluorescence background is undesirable, as it limits the detection sensitivity for fluorescent probes. Thus, knowledge of the TPE spectra of NADH and flavins should help to optimize TPE fluorescence imaging and may also provide insight to the photodamage mechanisms of living biological preparations in the near infrared (34) . We report in Fig. 4 shifted (but are frequently blue shifted) relative to twice the one-photon absorption peaks. For example, large blue shifts were observed for rhodamine B, DiI, fluorescein, and several Ca2+ indicators (Fig. 2) . Although these interesting spectral features still are not understood quantitatively, there are several desirable consequences of such significant blue shifts. First, the resolution of TPLSM using these fluorophores is considerably higher than predicted by assuming TPE peak wavelengths at twice the one-photon absorption peak wavelengths. Second, the blue shifts allow conveniently available mode-locked laser sources to excite popular dyes as indicated in Figs. 1 and 2 . Finally, a number of conventional dyes with disparate one-photon absorption spectra can be excited by TPE at a single wavelength. This capability, combined with the large spectral separation between the excitation light and the fluorescence light, greatly simplifies experiments requiring multiple fluorophores. We show in Fig. 5 simultaneous excitation of rhodamine, 4',6-diamidino-2-phenylindole (DAPI), pyrene, and Bodipy at 705 nm.
Fluorescence resonance energy transfer (FRET) is a powerful tool for measuring intermolecular distances (35) applicability of FRET depends on the overlap of fluorescence emission and excitation spectra of the donor and acceptor. We have found no significant fluorescence emission spectra difference between one-and two-photon excitation for the fluorophores investigated in our experiments (28) . Knowledge of the TPE spectra also provides new capabilities by combining FRET with TPE. For example, the optimal excitation wavelength of TPE FRET using fluorescein and rhodamine is -920 nm (Fig. 2) . Significantly better choices of donor and acceptor in TPE FRET would be fluorescein and DiI when excited at -790 nm, where the fluorescein TPE cross section is approximately 102 times larger than DiI (Fig. 2) .
Three-Photon Excitation
Very recently, unexpectedly large three-photon absorption cross sections (with o(3 10-75 cm6-s2) have been reported (36, 37) . The discoveries of such large cross sections are promising. We have observed and measured three-photon excited fluorescence from UV fluorophores, including Ca2+ indicators fura-2 and indo-1, DNA stain DAPI, and the fluorescent Table 1 . For a comparison, the corresponding one-and two-photon cross sections are also given.
To investigate the photophysics of three-photon excitation of fluorophores, we have measured several three-photon excitation spectra [o-3(A)] from 960 to 1050 nm for comparison with one-photon excitation spectra (Fig. 6) . The qualitative agreement shown in Fig. 6 suggests that these three-photon excitation spectra parallel the corresponding one-photon excitation spectra as expected because the same initial excited states can be reached via one-or three-photon excitation without violating any selection rules. Three-photon excited fluorescence emission spectra of several fluorophores were also measured. We found no difference between two-and three-photon excited fluorescence, which indicates the same fluorescent state is reached regardless of the excitation mode. Previously we have observed no difference between the emission spectra of one-and two-photon excited fluorescence (28, 29) , suggesting that quite generally the same fluorescent states are reached by nonlinear and linear excitation.
To demonstrate the imaging capability of three-photon excited fluorescence, chromosomes in a rat basophilic leukemia (RBL) cell stained with DAPI were imaged in a laser scanning microscope at -1.0 ,am (Fig. 7) , and compared with two-photon microscopy, which also provides excellent (virtually indistinguishable) images in this application (12) . The longer wavelengths required for three-photon excitation should slightly decrease laser microscopy resolution; for the 30 25 1Fro,<lndo-1 20- imaging conditions of Fig. 7 , the calculated FWHM of the fluorescence distribution of a point source resulting from three-photon excitation at 1.05 ,um is -0.24 ,um in the focal plane and 0.73 gm along the optical axis, while the corresponding numbers for TPE at 700 nm are -0.2 ,um and -0.6 ,um (39) . However, there is a compensating image enhancement because the signal-to-background ratio (S/B) (40) of a three-photon microscope is theoretically equivalent to application of an ideal confocal spatial filter in TPLSM. In a uniform fluorescent sample, for example, if we define signal as fluorescence from a volume that is within the FWHM of the fluorescence distribution and background as fluorescence from outside that volume, the resulting S/B values for two-and three-photon excitation are 0.32 and 0.45, respectively. When S/B is taken into account, the effective resolutions of two-and three-photon fluorescence microscopy should be comparable.
Consequences of the Photophysics of Multiphoton Excitation
The applicability of nonlinear microscopy depends crucially on the two-and three-photon fluorescence excitation cross sections of various fluorophores and biomolecules. A simple estimation of multiphoton excitation cross sections can be obtained by using the appropriate order perturbation theory (41) . Intuitively, multiphoton processes require two or more photons to interact simultaneously with the molecule. The "cross-sectional" area (A) of a molecule can be estimated by its dipole transition length (typicallyA [10] [11] [12] [13] [14] [15] [16] ., A2AT-) . Correspondingly, the three-photon excitation cross sections are expected to be oc3 10-82 cm6(s/photon)2 (i.e., A3AT2). Table   1 and Fig. 1 show that these estimates are in qualitative agreement with our experimental data.
The maximum fluorescence output available for image formation is obtained by using ultrashort pulsed excitation. However, fluorescence saturates at the limit of one transition per pulse per fluorophore. For an n-photon process, fluorescence output per excitation pulse is proportional to on PeakT, where Ipeak is the peak intensity (28), a,, is the n-photon cross section, and T is the pulse width. For a square pulse in time, saturation occurs when OrnIjeakT 1. Therefore, the saturation peak intensity for the n-photon process (Ins) is simply Ins ( (OJnT)* [1] Using diffraction limited focusing geometry, the relation between the average incident photon flux (Pavg, in units of photons/s) and Ipeak is approximately
where f is the pulse repetition rate. Combining Eqs. 1 and 2, saturation power for the n-photon process (P(n,)) can be estimated as p(ns) (0.61)2A2(f.T ; avg (n.a .)2 (Ur, [3] -'/ With a high-n.a. (1.3) objective lens and a mode-locked Ti:sapphire laser providing 100-fs pulses at 80-MHz repetition rate and 1.0-,um excitation wavelength, the estimated saturation powers for two-, three-, and four-photon processes are, respectively, -30 mW, "150 mW, and -300 mW by Eq. 3 and the excitation cross sections estimated above. Although these incident power levels are easily available from femtosecond laser sources such as the mode-locked Ti:sapphire laser, solvent dielectric breakdown may occur before saturation is reached in three-and four-photon excitation.
The ratio (r) of three-to two-photon excited fluorescence emission scales as r -0r3(A)Ipeak/0r2(A). Hence, a measurable combination of two-and three-photon excited fluorescence is expected within certain wavelength and intensity ranges. This is shown for the case of fura-2. For this excitation ratiometric calcium indicator, the one-photon absorption maximum of fura-2 shifts from 362 nm in the Ca2+-free form to 335 nm on binding to Ca2+ (42) , and the corresponding shifts are also apparent in its two-photon fluorescence excitation spectra (Fig. lb) . This absorption change makes the ratio between three-and two-photon excited fluorescence of the two species quite different. At Ipeak 1030 photons/(cm2-s), we found that for the Ca2+-bound species, TPE dominates at A < 830 nm and three-photon dominates at A > 900 nm; while for the Ca2+-free species, two-photon dominates up to 910 nm and three-photon dominates only at A > 960 nm. At intermediate wavelengths, a mixture of two-and three-photon excitation is observed. Table 2 lists the measured power exponents for excitation of fura-2 at several wavelengths, which shows the gradual transition from two-photon to three-photon excitation. Although the three-dimensional imaging capability is preserved in this wavelength range, quantitative imaging, as is required in calcium measurements using ratiometric indicators, will be complicated by the dependence of calibration on incident intensities. An interesting difference between two-and three-photon fluorescence excitation is the dependence on the excitation beam waist size or the n.a. of the focusing lens. Assuming a Gaussian-Lorentzian beam profile and a sample thickness that is much greater than the Raleigh length of the Gaussian beam (i.e., thick sample limit), the appropriate form for the fluorescence emission rate resulting from three-photon excitation, (F(t)),is P3 (F(t)) oc a3 avg [4] (f.T)2W2' where wo is the Gaussian beam waist. A similar expression can also be obtained for diffraction-limited focus, (F(t)) X cr3(n.a.)2Pavg/(fT)2_ We note that (F(t)) depends on the n.a. of the focusing lens [or the beam waist radius (Eq. 4)], in contrast to TPE, where (F(t)) is independent of n.a. in the same thick sample limit (28, 43) . Thus, one can increase or decrease the relative contribution of two-photon (or three-photon) excitation by manipulating the excitation pulse width and focal spot size (Eq. 2). This property may become useful if higher-(more than second-) order excitation processes, such as three-photon excitation of amino acids and nucleic acids, contribute significantly to the photodamage of biological specimens.
Intersystem crossing and photobleaching properties of one-, two-, or three-photon excitation of the fluorophores are expected to be the same if the same excited state is reached. Experimentally, intersystem crossing and photobleaching cause severe deviation from the expected power law dependence of the excited fluorescence. Photobleaching may account for the nonquadratic dependence of TPE fluorescence in some earlier reports (44) . Using a high-n.a. water immersion objective lens (n.a. = 1.2), we have observed no significant deviation from the cubic dependence at Ipeak up to 6 x 1030 photons/(cm2.s) for three-photon excitation of fura-2 and DAPI at 992 nm. Dramatic decreases in the apparent power exponent were observed at photon flux density higher than 1031 photons/(cm2.s) for both fluorophores. Although intersystem crossing and photobleaching may account for such deviation, other factors, such as field-induced changes in the electronic properties of the fluorophores, may become important at very high intensities (7) . The instantaneous electric field (E) at the focal spot is approximately 3 x 107 V/cm at Ipeak = 1031 photons/(cm2.s), which is probably sufficient to modify the photophysical properties of the dye molecules.
Another possible concern at such high instantaneous field strengths is dielectric breakdown of the solvent. A previously measured breakdown threshold field strength for water is 1.6 x 1012 W/cm2 (-2 x 107 V/cm) when 30-psec pulses at 1.06 ,tm are used (45) . However, the breakdown threshold is expected to be considerably higher (>1013 W/cm2 or >5 x 107 V/cm) when 100-fs pulses are used (46) (47) (48) . We note that peak intensities are generally less than 4 x 10lo W/cm2 and 2 x 1012 W/cm2 in typical two-and three-photon microscopy, respectively. Thus, the peak intensities in routine TPLSM are significantly below the dielectric breakdown threshold, but dielectric breakdown may be possible during high-intensity three-photon excitations. It will be interesting to compare intersystem crossing and photobleaching properties resulting from one-, two-, and three-photon excitation of fluorophores.
Prospectives
We have reported two-and three-photon fluorescence excitation spectra of the most common biological fluorophores in the tuning range of a mode-locked Ti:sapphire laser. In combination with earlier applications (9, 12, 33, 43 ), these spectra show that nonlinear fluorescence microscopy based on TPE can be expected to work well with available and forthSlopes were measured at Ipeak 1030 photons/(cm2.s). A slope between 2.0 and 3.0 indicates that a mixture of two-and three-photon excited fluorescence was generated. The uncertainties in the slopes are -6%.
Proc. Natl. Acad. Sci. USA 93 (1996) coming solid-state laser sources for most existing fluorophores, including fluorophores normally excitable only in the UV region. Our measured three-photon fluorescence excitation cross sections and images have shown the feasibility of three-photon fluorescence microscopy for special applications and suggested further opportunities (26) . Although threephoton microscopy requires 5-10 times higher incident power than in TPLSM to obtain a comparable fluorescence excitation rate, it does provide alternative wavelength windows to probe biological specimens, especially in the deep-UV region.
The significance of such a wavelength option depends on the laser availability and the possible photodamage mechanism for various applications. In general, the wavelength dependence and mechanisms of photodamage to living cells are largely unknown with either single or multiphoton excitation and appear to vary greatly in various preparations. However, because multiphoton excitation is confined to the focal plane, it spatially limits photodamage. Substantial research is currently directed toward elucidating the photodamage mechanisms. Although it remains to map the full scope of threephoton excitation as a useful complement to the existing TPLSM, our reported nonlinear excitation spectra, combined with future information on the photodamage mechanisms, should guide various biological applications yet to be explored.
